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ARTICLE INFO ABSTRACT

Keywords: Although immunotherapy (anti-PD-1/PD-L1 antibodies) has been approved for clinical treatment of lung cancer,

CDKS only a small proportion of patients respond to monotherapy. Hence, understanding the regulatory mechanism of

P[;le‘ L PD-L1 is particularly important to identify optimal combinations. In this study, we found that inhibition of CDK5
Ubiquitination induced by shRNA or CDKS5 inhibitor leads to reduced expression of PD-L1 protein in human lung adenocarci-
Immunotherapy

noma cells, while the mRNA level is not substantially altered. The PD-L1 protein degradation is mediated by E3
ligase TRIM21 via ubiquitination-proteasome pathway. Subsequently, we studied the function of CDK5/PD-L1
axis in LUAD. In vitro, the absence of CDK5 in mouse Lewis lung cancer cell (LLC) has no effect on cell prolif-
eration. However, the attenuation of CDK5 or combined with anti-PD-L1 greatly suppresses tumor growth in LLC
implanted mouse models in vivo. Disruption of CDKS5 elicits a higher level of CD3", CD4" and CD8" T cells in
spleens and lower PD-1 expression in CD4" and CD8" T cells. Our findings highlight a role for CDKS5 in pro-
moting antitumor immunity, which provide a potential therapeutic target for combined immunotherapy in

Lung cancer

LUAD.

Introduction

Lung cancer remains the leading cause of cancer-related deaths in the
world [1]. According to histologic subtypes, lung cancer is classified into
non-small cell lung cancer (adenocarcinoma, squamous carcinoma and
large cell carcinoma) and small cell lung cancer [2]. For lung adeno-
carcinoma (LUAD), the treatment is stage specific and surgical resection
is the main treatment for early-stage LUAD patients. However, most
patients are at advanced stage once diagnosed. Hence, they can only
receive chemotherapy, radiotherapy, targeted therapy and immuno-
therapy [3].

The PD-1/PD-L1 axis is a key determinant of physiological immune
homeostasis [4]. Suppression of PD-1/PD-L1 is a promising therapeutic
alternative which restores the immune system in tumor patients. The
PD-1/PD-L1 blockade therapy shows broad prospects in the treatment of
various tumors, including colorectal cancer, melanoma, renal cell car-
cinoma and lung cancer [5]. Despite recent development in
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immunotherapy for LUAD, there are still many patients cannot benefit
from it [6]. Considering the heterogeneity of tumors, which often
develop resistance to monotherapy and limit clinical efficacy, combi-
nation immunotherapy has become a hot topic in LUAD [7].

Cyclin-dependent kinases (CDKs) are members of the serine/threo-
nine protein kinases family, which function in regulating cell cycle and
transcription [8]. As an atypical CDK, CDK5 mainly expressed in neuros
and predominantly play its role in neurodegenerative diseases rather
than in the cell cycle [9]. Nevertheless, recent studies have uncovered
that CDK5 plays a critical role in the molecular mechanisms driving
tumor formation and development, including medullary thyroid carci-
noma, neuroblastoma, melanoma and lung cancer [10]. CDKS5 is highly
expressed in a variety of lung cancer compared with normal lung tissues
and positively associated with poor prognosis [11,12]. In vitro and in vivo
experiments, CDK5 promotes cell growth [13,14], migration [14], in-
vasion [13,15], epithelial mesenchymal transition [16] and angiogen-
esis [17] in lung cancer.
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Strikingly, a novel function of CDK5 in cancer immunity has been
reported in recent years. Some researchers found that loss of CDKS5 re-
sults in reduced PD-L1 expression on tumor cells due to the upregulation
of interferon regulatory factor-2 (IRF2) and interferon regulatory factor
2-binding protein 2 (IRF2BP2). In a mouse model of medulloblastoma,
attenuation of CDK5 expression leads to potent CD4" T cell-mediated
tumor rejection [18]. In melanoma and breast cancers of mouse
models, CRISPR-Cas9 genome editing system of CDK5 downregulates
PD-L1 expression on tumor cells and elicits strong CD8'T cell-mediated
immune responses in tumor microenvironment with decreased regula-
tory T cells (Tregs) [19]. However, it is still unknown whether CDK5
affects the immune status of lung cancer. In this study, we found that
RNA interference of CDK5 expression down-regulates PD-L1 protein on
tumor cells and further promotes antitumor immunity.

Materials and methods
Antibodies and regents

Anti-PD-L1 (E1L3N) rabbit mAb (13,684), anti-CDK5 (2506S) and
anti-ubiquitin (3933S) were purchased from Cell Signaling Technology.
Mouse PD-L1 antibody (MAB90781-100) was purchased from R&D
systems. Anti-TRIM21 (12,108-1-AP) was purchased from Proteintech.
Fluorochrome-conjugated monoclonal antibodies including anti-CD3,
anti-CD4, anti-CD8, anti-CD45, anti-PD-1 and live/dead were pur-
chased from BD Pharmingen. In vivo mab anti-mouse PD-L1 was pur-
chased from BioXcell. Cycloheximide (CHX) was purchased from
Selleck. MG132 was purchased from MedChemExpress. Silver stain kit
was purchased from Solarbio LIFE SCIENCES.

Cell lines and cell culture

The NCI-H1975 cell lines, A549 cell lines, LTEP-a-2 cell lines, 293T
cell lines and LLC cell lines were purchased from the American Type
Culture Collection (ATCC). NCI-H1975 cells were cultured in RPMI 1640
(Hyclone) supplemented with 10% fetal bovine serum (FBS, Gibco), 100
IU/ml of penicillin and 100 pg/ml of streptomycin (Gibco). A549, LTEP-
a-2 and LLC cells were maintained in Dulbecco’s Modified Eagle’s Me-
dium (DMEM, Hyclone) containing 10% FBS, 100 mg/ml of penicillin
and 100 mg/ml of streptomycin.

Quantitative real time polymerase chain reaction (qRT-PCR)

Total RNAs were extracted from cells with Trizol Reagent (Invi-
trogen, Carlsbad, CA). 1000 ng of total RNAs were reverse transcribed
into ¢cDNA with PrimeScript™ RT Reagent Kit (Perfect Real Time)
(TaKaRa Biotechnology, Shiga, Japan). The cDNA was quantified by
SYBR gene expression assays on an Applied Biosystems 7900 sequence
detection system (Applied Biosystems, Foster City, CA). PCR analysis
was performed using specific primers for CDK5 or PD-L1 gene (Table S1).

Western blot

Proteins were extracted from ice-cold cell lysates containing RIPA
lysis buffer (Invitrogen), protease inhibitor (Cocktail), phosphatase in-
hibitor (Cocktail) and phenylmethylsulfonyl fluoride (Sigma). The pro-
tein lysates were dissolved in 1 x loading buffer and boiled at 95 °C for
5-10 min, separated by 10% SDS-PAGE gel and transferred to NC
membranes (Millipore, Billerica, MA, USA). After being blocked in 5%
non-fat milk in TBS+0.1% Tween-20 for 1 h, the membranes incubated
overnight at 4 °C with primary antibodies. Then the membranes were
washed with TBST and incubated with HRP conjugated secondary an-
tibodies for 1 h at RT. The reactive bands were visualized by using High-
sig ECL Western Blot Substrate and Imaging LabTM software (Bio-Rad).
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Lentivirus transduction and establish of stable cell lines

The short hairpin RNAs (shRNA) targeting human or mouse CDK5
and human TRIM21 were from GeneChem (Shanghai, China). The
PCDH—CDKS5 was constructed by inserting the CDK5 ORF sequence into
the lentiviral vector PCDH. These sequences were cloned into the len-
tiviral particles by using 293T cells. 48 h after cells infected with viruses,
cells were selected with puromycin (1-2 pg/ml) for 7-14 days. Western
blot analysis and qRT-PCR were used to verify the effect of gene
silencing or overexpressing. The shRNA fragment sequences of human
and mouse CDK5 were presented in Table S2. The shRNA fragment se-
quences of human TRIM21 were presented in Table S3.

Immunoprecipitation mass spectrometry (IP-MS)

Firstly, all the candidate proteins were chosen according to the
molecular weight in silver stain. Gel pieces were cut from SDS PAGE,
destained with 30% ACN/100 mM NH4HCO3. The gels were dried in a
vacuum centrifuge. The in-gel proteins were reduced with dithiothreitol
(10 mM DTT/ 100 mM NH4HCO3) for 30 min at 56 °C, then alkylated
with iodoacetamide (200 mM IAA/100 mM NH4HCO3) in the dark at
room temperature for 30 min. Gel pieces were briefly rinsed with 100
mM NH4HCO3 and ACN, respectively. Gel pieces were digested over-
night in 12.5 ng/pl trypsin in 25 mM NH4HCO3. The peptides were
extracted three times with 60% ACN/0.1% TFA. The extracts were
pooled and dried completely by a vacuum centrifuge. The peptide
mixture was loaded onto a reverse phase trap column connected to the
C18-reversed phase analytical column in buffer A (0.1% Formic acid)
and sep Each fraction arated with a linear gradient of buffer B (84%
acetonitrile and 0.1% Formic acid) at a flow rate of 300 nl/min
controlled by IntelliFlow technology. Each fraction was injected for
nanoLC-MS/MS analysis. LC-MS/MS analysis was performed on a Q
Exactive mass spectrometer (Thermo Scientific). And then ranked them
by the percentage of the protein sequence covered by identified pep-
tides. Finally, verified candidate interaction protein by performing IP
and western blotting.

Plasmids transfection

The wild-type TRIM21 plasmid and B-box mutated TRIM21 plasmid
were purchased from GENEWIZ (China). Plasmids were transfected into
293T cells by Lipofectamine 3000 (Invitrogen) with P3000 (Invitrogen)
following the manufacturers’ protocol. After 72 h, cells were harvested
for the following experiments.

CO-immunoprecipitation

Cells were homogenized in IP lysis buffer (Beyotime, supplemented
with protease and phosphates inhibitors) at 4 °C for 1 h. The cell lysates
were incubated with 50 pl Protein A/G beads (Santa Cruz) and specific
antibodies overnight. The beads were then washed 3 times with IP lysis
buffer. After centrifugation, the mixture was denatured in 50 pl 2 x
sample loading buffer. Finally, the sample was measured by western
blotting.

CCK-8 cell proliferation assay

4000 cells in 100 pl DMEM or RPMI 1640 per well were planted into
96-well plates for 24 h, 48 h and 72 h. 10 pl of CCK8 reagent (biosharp)
was then dispensed to each well and incubated at 37 °C for 1-3 h. The
OD value was detected at 450 nm wavelength.

Tumor models

Female C57BL/6 mice aged 6-8 weeks were selected to establish the
mouse lung cancer model. 5 x 10° LLC-shNC or LLC-shCDK5 in 100 pl
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Fig. 1. The effect of CDK5 disruption or overexpression on PD-L1 expression in LUAD cells. A. The expression levels of CDK5 and PD-L1 protein detected by
western blot in A549 and NCI-H1975 cells after CDK5 knockdown. B. The expression levels of CDK5 mRNA detected by qPCR in A549 and NCI-H1975 cells after
CDKS5 knockdown. *** p < 0.005, **** p < 0.0005. C. qRT-PCR was used to evaluate the PD-L1 mRNA expression in CDK5 deficient cells. NS: not significant. D. The
expression levels of CDK5 protein detected by western blot in LTEP-a-2 and A549 cells after CDK5 overexpression. E. The expression levels of CDK5 mRNA detected
by qPCR in LTEP-a-2 and A549 cells after CDK5 overexpression. ** p < 0.01, *** p < 0.005. F. The expression levels of PD-L1 mRNA detected by qPCR in LTEP-a-2
and A549 cells after CDK5 overexpression. NS: not significant. G. Western blot analysis of PD-L1 protein levels in dinaciclib treated cells. H. Western blot mea-
surement of PD-L1 after cells treated with different concentration of dinaciclib in NCI-H1975. I. Quantification of PD-L1 mRNA expression by using qRT-PCR in

dinaciclib treated cells. NS: not significant. *p < 0.05.

PBS were subcutaneously injected into the right flanks of mice. Ten days
after implantation, mice were randomized into several groups and the
treatment groups were intraperitoneal injected with 200 ug of anti-PD-
L1 every three days. The formula of measuring tumor volume was
(width? x length)/2. All experiments were performed in compliance
with the regulations of Chinese law and the local Ethical Committee
Quantita.

Single cell generation from tumor or spleen tissue and flow cytometry
analysis

Tumor tissues were collected immediately following surgery and
minced with 2.5 ml of 0.2 mg/ml liberase (Roche) in DMEM for 1 h at
37 °C. Spleens were dissociated by using grinding rod in PBS. Single cell
suspensions were then obtained by centrifuge and filtered through a 70
pm strainer. Red blood cells were lysised for 10 min. The cells were
filtered again through a 70 pm strainer in FACS (1 x PBS with 2% FBS).
Subsequently, 5 million cells were incubated with antibodies at 4 °C for
40 min in the dark, fixed by 1 ml 1% PFA for 15 min and resuspended
with 200 pl 1% PFA before analyzed by flow cytometry. The flow
analysis process was showed in Fig. S2.

Immunofluorescence microscopy

After being rehydrated, the tissue sections were incubated with pri-
mary antibody overnight. The secondary antibody was goat anti-rabbit
immunoglobulin G conjugated with CY3 590 (Servicebio). The cell
nuclei were stained with 4’,6-diamidino-2-phenylindole (Servicebio).
Images were collected by an immunofluorescence microscope (NIKON
ECLIPSE C1).

Immunohistochemistry

IHC staining for CD4 was performed and evaluated by two IHC ex-
perts from the research laboratory who scored the percentage of stained
tumor cell nuclei stained (-, no staining; +, 10%; ++, 10-50%; and

+++, >50%).
Statistical analysis

All the data were showed as the mean + SEM using the GraphPad
Prism software (version8.0, GraphPad Software Inc.) and compared
using Student’s t-test. P <0.05 was considered statistically significant.

Results
CDKS5 disruption down-regulates PD-L1 protein in LUAD cells

In order to interrogate the role of CDKS5 in LUAD, we infected human
LUAD cells with shRNA and overexpression lentiviral particles to
construct stable cell lines. Western blot and qRT-PCR experiments
showed that the interference (Fig. 1, A and B) or overexpression (Fig. 1,
D and E) of CDK5 in LUAD cells was effective, indicating that the stable
cell lines were successfully constructed. Subsequently, we used the sta-
ble cell lines to conduct following assays. Given that CDK5 regulates PD-
L1 in other tumors [18,19], we speculated that it might also affect PD-L1
in lung cancer. By western blot analysis, the protein level of PD-L1 was
obviously lower in shCDK5-transfected cells compared to control
shNC-transfected cells (Fig. 1A). Surprisingly, mRNA levels of PD-L1
were not obviously changed by CDK5 knockdown (Fig. 1C). Moreover,
CDKS5 inhibitor dinaciclib also significantly inhibited PD-L1 protein
(Fig. 1G) without mRNA reduction (Fig. 1I) and the pharmacologic in-
hibition was concentration-independent (Fig. 1H). However, the over-
expression of CDK5 did not affect PD-L1 protein and mRNA expression
(Fig. 1, D and F). Therefore, CDK5 may regulate PD-L1 protein through
post-translational modification (PTM).
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Fig. 2. CDKS5 depletion promotes PD-L1 ubiquitination and degradation through TRIM21. A. NCI-H1975-shNC and NCI-H1975-shCDK5 were treated with CHX
(10 mmol/ml) for 0, 2, 4, 8, 12 and 24 h, and immunoblotted for PD-L1 and GAPDH. B. Quantification of PD-L1 in CHX treated cells used by Image J software. C.
H1975-shNC and H1975-shCDKS5 cells were treated with MG132 (10 mmol/ml) for 0, 4 and 8 h, total protein was extracted and subjected to western blotting using
anti-PD-L1, and anti-GAPDH antibodies. D. H1975-shNC and H1975-shCDKS5 cells were treated with MG132 (10 mmol/ml) for 4 h, then lysed with IP lysis buffer.
PD-L1 was immunoprecipitated with the anti-PD-L1 antibody. Western blot was conducted to detect the level of PD-L1 ubiquitination after immunoprecipitation of
PD-L1. E. The PAGE gel of proteins was silver-stained. The proteins derived from H1975-shNC and H1975-shCDK5 cells that were incubated in MG132 for 4 h and
then immunoprecipitated with anti-PD-L1. The different bands between the two groups were indicated by red box. F. The pulldown of PD-L1 was immunoblotted
with TRIM21. G. The pulldown of CDK5 was immunoblotted with TRIM21. H. The pulldown of TRIM21 was immunoblotted with CDK5 and PD-L1. I. Western blot
was used to detect the PD-L1 protein in cells of TRIM21 intervention by shRNA. +: shNC group, —: shRNA group. J. The CO-IP results of TRIM21 and CDKS5 after
TRIM21 B-box mutation. +: CDK5 overexpression, —: PCDH, WT: TRIM21 wild type, AB-box: B-box mutated TRIM21. K. The ubiquitin level of PD-L1 after transfected
by TRIM21 and B-box mutated TRIM21 plasmids. —: PCDH, WT: TRIM21 wild type, AB-box: B-box mutated TRIM21. The percentage of input was about 3.5% in Co-IP
figures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

CDKS5 depletion results in PD-L1 protein reduction through ubiquitin
degradation via TRIM21

To investigate the mechanism of CDK5 regulating PD-L1 protein, we
incubated the LUAD cells with cycloheximide (CHX) to suppress protein
synthesis. The results showed that CDK5 depletion induced a

significantly shortened half-life of PD-L1 protein (Fig. 2, A and B),
suggesting that CDK5 mediates the degradation of PD-L1 protein in
LUAD cells. Furthermore, the cells incubated with proteasome inhibitor
MG132 could block the PD-L1 degradation (Fig. 2C). After treated with
MG132 for 4 h, immunoprecipitation assay was conducted to verify the
PD-L1 protein successfully precipitated. Then we found that inhibition
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Fig. 3. Antitumor effect of shCDKS5 in vitro and in vivo. A. CCK-8 assays of LLC cells stably transfected with shCDK5 or shNC were performed and analyzed. B. The
interference effect of CDK5 and PD-L1 protein level in LLC was verified by western blot. C. Images showing tumor formation of LLC-shNC and LLC-shCDKS5 cells in the
C57BL/6 mice. D. The volume of tumors was measured every 3-4 days since LLC-shNC and LLC-shCDKS5 cells were planted. E. Images showing tumor formation of
LLC-shCDKS5 cells in the C57BL/6 mice treated with or without PD-L1 inhibitor. F. The volume of tumors was measured every 3-4 days since LLC-shCDK5 cells were
planted with or without anti-PD-L1 treatment. shC+aPD-L1: shCDK5+anti-PD-L1, **** p < 0.0005.

of CDKS5 increased the ubiquitination level of PD-L1 protein (Fig. 2D).
These results indicated that CDK5 mediates the degradation of PD-L1
protein via a ubiquitination-proteasome mechanism in LUAD cells. In
order to further explore how CDK5 regulates PD-L1 protein ubiquiti-
nation degradation, the NCI-H1975 cells knocking down CDK5 were
detected by silver stained SDS-PAGE after MG132 treatment and
immunoprecipitation of PD-L1 (Fig. 2E). Immunoprecipitation mass
spectrometry (IP-MS) was conducted to identify the three different
bands between shNC and shCDKS5. From the protein analysis of IP-MS,
we selected one candidate proteins to verify: TRIM21 (Table S4). CO-
IP assay showed that the interactions between TRIM21 and PD-L1 or
CDK5 and TRIM21 were obviously enhanced (Fig. 2F-H). TRIM21 is a
member of the TRIM family of proteins with ubiquitin E3 ligase activity,
which contains RING, B-box, coiled-coil (CC), and SPRY domains [20].
TRIM21 signaling is constitutively repressed by its B-box domain and

activated by phosphorylation, which involves proteasomal degradation
and activation of immune [21]. Next, we studied whether TRIM21 could
directly mediate PD-L1 ubiquitination. After knockdown TRIM21, the
PD-L1 protein level notably increased in control group without obvious
change in CDKS5 interference group (Fig. 2I). Then TRIM21 wild-type
and B-box deletion mutant plasmids were constructed and transfected
with 293T. The CO-IP results showed that the interaction with CDK5 was
partially blocked by TRIM21 mutation (Fig. 2J). The ubiquitin level of
PD-L1 in TRIM21 WT and mutant cells was also detected, the results
showed that TRIM21 mutation decreased the ubiquitin binding with
PD-L1(Fig. 2K). These above data indicated that intervention of CDK5
leads to ubiquitin degradation of PD- L1 protein via E3 ligase TRIM21.
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Disruption of CDK5 mediated PD-L1 attenuation suppressed tumor growth
of lung cancer

Since CDK5 was reported to promote tumor growth in human lung
cancer [22], we performed CCK-8 assays to explore its role in LUAD
cells. Consistently, CDK5 knockdown inhibited cell proliferation of A549
and H1975 in vitro (Fig. S1). However, CDK5 did not affect proliferation
of mouse lung cancer cell (LLC) in vitro (Fig. 3A). Interference of CDK5 in
LLC also decreased PD-L1 protein as predicted (Fig. 3B). Subsequently,
we constructed LLC cell lines with stably interfering CDK5 (shCDK5) and
analyzed tumor growth based on the tumor bearing mouse model in vivo.
LLC-shCDKS5 cells (5 x 10° cells) were subcutaneously injected into the

right side of female C57BL/6 mice and mice injected with cells carrying
empty vector were used as a control (shNC). We observed that CDK5
disruption significantly suppressed tumor growth (Fig. 3, C and D),
while the combination of shCDK5 and anti-PD-L1 group showed a more
significant inhibitory effect (Fig. 3, E and F). We believe that CDK5 can
affect the immune status by changing the expression of PD-L1 in vivo,
thereby affecting tumor growth.

Interference of CDK5 promotes antitumor immune response

PD-L1 has been confirmed to be related to tumor immunity, therefore
we conducted flow cytometry analysis to explore the immune status
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after CDK5 inhibition. The data showed that intervention of CDK5
improved the level of CD3" T, CD4" T and CD8" T cells in spleens
(Fig. 4, A-C). Furthermore, reduced CDK5 decreased the expression of
PD-1in CD3" T, CD4" T and CD8" T cells in spleens compared to shNC
group (Fig. 4, F-H). Importantly, flow cytometry analysis revealed that
shCDK5 combined with anti-mouse PD-L1 could effectively increase the
level of CD4" and CD8" T cells in spleens compared with CDK5
knockdown alone (Fig. 4, D and E). Immunofluorescence staining and
immunohistochemistry were used to detect tumor tissue, which showed
that the number of CD4 ™" cells increased after CDK5 depletion (Fig. 5). In
summary, these data above suggested that CDK5 knockdown can
improve the peripheral immune responses of LUAD.

Discussion

The Programmed cell death protein 1 (PD-1) and programmed cell
death protein ligand 1 (PD-L1) axis is a key determinant of physiological
immune homeostasis. In the presence of chronic infections and tumors,
target cells continue to express antigens, then T cells gradually lose
function and eventually lead to T exhaustion. One of the characteristics
of T exhaustion is the high expression of PD-1 [23]. PD-1 and PD-L1 play
a critical role in immune evasion of various tumors [24], making the
PD-1/PD-L1 axis the most promising therapeutic target [25]. Consid-
ering the limited efficacy of immune monotherapy, combined immu-
notherapy has become a hot spot to enhance immune response in clinical
trials of various tumors [26].

It was reported that CDK5 deficiency down-regulates PD-L1 by pro-
longing half-life of IRF2/IRF2BP2 repressor complex and promote T
cells response in medulloblastoma, melanoma and breast cancers. More
importantly, immunotherapy combined with CDK5 depletion had a
stronger anti-tumor immunity [18,19]. In addition, CDK5 and PD-L1
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Fig. 5. The CD4" cells in tumor tissue
detected by immunofluorescence and
immunohistochemistry. A. The expression of
CD4 proteins in tumor tissue were detected by
immunofluorescence from shNC group and
shCDK5 group (100x). Red fluorescence was
CD4 protein and blue fluorescence was nucleus.
The pink fluorescence was where red and blue
overlap. B. The expression of CD4 proteins in
tumor tissue were detected by immunohisto-
chemistry from shNC group and shCDK5 group
(100x). (For interpretation of the references to
color in this figure legend, the reader is referred
to the web version of this article.)
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mRNA were co-occurrence and upregulated in LUAD from TCGA pro-
visional data sets [18]. Thereby we chose CDKS5 to explore its effect in
regulating PD-L1 and tumor immune in LUAD. In this study, we found
that inhibition of CDK5 by shRNA or drug reduced PD-L1 protein in
LUAD cells without affecting PD-L1 mRNA, while CDK5 overexpression
did not affect both the mRNA and protein expression of PD-L1. On the
basis of the above results, we speculated that CDK5 may regulate PD-L1
through protein post-translational modification.

The PTM of PD-L1 has become an important mechanism for regu-
lating tumor immunosuppression. Glycosylation, phosphorylation,
ubiquitination and acetylation play crucial roles in the stability, trans-
location and protein-protein interaction of PD-L1 protein [27]. There
exist two main mechanisms of protein degradation in eukaryotic cells:
ubiquitination-proteasome pathway and autophagy-lysosome pathway
[28]. Ubiquitin (UB) is a conserved protein which is covalently attached
to substrate lysines in a three-enzyme cascade consisting of the E1
Ub-activating enzyme, the E2 Ub-conjugating enzyme, and the E3
Ub-protein ligase [29]. Owing to the strict control of E3s on ubiquiti-
nation reaction, E3s are the vital components of the cascade [30]. The
E3s have been divided into three classes: the RING family, the RBR
family and the HECT family [31]. TRIM21 belongs to RING family which
largely participants in innate immune [32]. However, it was rarely re-
ported about the role of TRIM21 in tumor immunity. Here we firstly
discovered that disruption of CDK5 inhibit PD-L1 protein levels through
E3 ubiquitin ligase TRIM21 mediated ubiquitylated degradation
process.

In line with our discoveries, CDK5 was reported to enhance the cell
proliferative ability of human LUAD [13,14]. However, we found that
the growth of LLC cells with reduced CDKS5 parallels with control cells in
vitro verified by CCK-8 assays. LLC tumor model is poorly immunogenic.
In many studies, it has been found that PD-L1 inhibitor alone has poor
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efficacy on LLC cells [33,34], so we have demonstrated the synergistic
effect of the combination therapy. Here, in vivo experiments of LLC
subcutaneous tumor-bearing mice, knockdown of CDK5 significantly
inhibited tumor growth and combined with anti-PD-L1 therapy
enhanced tumor suppression.

The immune response involves coordination between cells and tis-
sues. The current researches mainly focus on the local immune response
in the tumor microenvironment. However, the peripheral immune
response is also an important part of tumor immunity that cannot be
ignored [35]. In our study, more CD3" T, CD4" T and CD8" T cells were
found in the spleens of shCDK5 group. Moreover, PD-1 expression was
declined in CD3™1 T, CD4" T and CD8™ T cells from spleens of shCDK5
group. In addition, CD4" T and CD8" T cells also raised in spleens of
shCDK5+anti-PD-L1 group, compared with shCDKS5 group. Here, we
uncovered for the first time that inhibition CDK5 promotes LUAD pe-
ripheral immune response through TRIM21-mediated PD-L1
degradation.

In the past 20 years, many CDK inhibitors have been developed and
successfully used in clinical trials for several tumors. In particular,
CDK4/6 inhibitors have been approved clinical treatment of advanced
breast cancer patients [8]. Dinaciclib is a potent inhibitor of CDK1, 2, 5
and 9, which can induce apoptosis of tumor cells and have clinical ac-
tivity in refractory chronic lymphocytic leukemia [36]. However, CDK5
specific inhibitors have not yet been developed. In this study, we pre-
liminary explored the effect of dinaciclib and found that it can also
down-regulate the PD-L1 protein in LUAD cells. We intended to further
study its role in LUAD tumor immune in the future.

In conclusion, our results have shown that CDK5 inhibition can
significantly inhibit LLC growth in vivo through activating antitumor
immunity. Thus, it provides evidence that CDK5 can act not only as a
prognostic marker [11,12], but also as a potential target combined with
immunotherapy for advanced lung adenocarcinoma.
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